Indexing terms: Optical pumping. Solid layers, High-speed optical techniques
A tunable diode-pumped Cr:LiSAF regenerative amplifier has been demonstrated for the first time. Femtosecond pulses have been amplified to pulse energies exceeding I pJ at repetition rates up to I6kHz.
Titanium-doped sapphire (Ti:AI,O,) lasers can routinely generate tunable femtosecond pulses in the near infra-red and recently, pulse durations below -1Ofs have been achieved [I] . Regenerative amplification can raise the pulse energies to the millijoule level at IO Hz repetition rates [2] and to microjoule level at repetition rates up to 200kHz [2] . The latter system is attractive for time-resolved spectroscopy and other applications. Unfortunately, the requirement for a high power argon ion pump laser makes it expensive and impractical for most 'real-world applications. Cr3+:LiSrA1F, (Cr:LiSAF) provides a vibronic laser medium with a comparable emission band to Tisapphire and absorption bands suitable for diode-pumping at 670nm [4] . Kerr lens modelocking of this laser medium has been demonstrated to generate pulses as short as 33fs [5] with only 500mW of argon ion laser pump power, a level comparable to the output of commercially available 670nm laser diodes.
Diode pumping of Cr:LiSAF is aided by a reasonably long ( -6 7~) upper-state lifetime and has been demonstrated for CW lasers at -670nm [6, 71. We previously reported the first diodepumped all-solid-state femtosecond Cr:LiSAF laser, generating transform-limited pulses as short as 220fs duration using an intracavity MQW saturable absorber [8]. Subsequently, pulses as short as 96fs were generated from a diode-pumped Cr:LiSAF laser which used an MQW saturable absorber in an antiresonant FabryPerot structure [9] . We report here the frst diode-pumped tunable regenerative amplifier based on Cr:LiSAF which completes the demonstration of the potential of an all-solid-state femtosecond oscillatorlamplifier system.
Fig. 1 Cavity configuration of diode-pumped regenerative amplifier
The design of the regenerative amplifer, which is represented in Fig. 1 , is very similar to that of Balembois et al. [lo] who used a krypton ion laser as the pump source. The 4mm long plane/Brewster-angled Cr:LiSrAIF, laser rod had 2.7% Cr3+ doping with a dielectric minor coating of 99.9% reflectivity at 530nm and -90% transmission at 670nm on the plane face. The folding mirror was of l00mm radius of curvature and the cavity was completed by a plane end mirror M,. The pump diodes were prototype devices developed at Pbilips Optoelectronics Centre and have reliably delivered more than 300mW of pump power from a 5 0 p wide active stripe. To our knowledge, these are the brightest 670nm diodes yet applied to pump a Cr:LiSAF laser. Two diodes were polarisation-combined to give -450mW and focused through the plane end face by a spherical lens of 25mm focal length. Two further diodes (one of which was a lower power device delivering up to -120mW) were polarisation-combined to give -300mW and focused through the IOOmm radius of curvature mirror using a spherical lens of 75mm focal length. Initially the cavity was optimised as a CW laser with no Pockels cell or intracavity polariser and -220mW of CW output power were obtained with a 1% output coupler employed as M,. With only the two end-pumping diodes, up to 180mW output power was obtained. This was due to the improved mode-matching of the tighter focused end-pump beams. The laser threshold was lOmW pump power with a mirror of 99.9% reflectivity used for M , and the laser tuned from 799 to 860nm. This tuning range was limited by the dielectric mirror coatings. The amplifier was set up by first using a Pockels cell (from Medox Electro-Optics, Inc.) and a thin film polariser to Qswitch the laser. Then the laser was optimised to minimise the build-up time of the Q-switched pulse. With only the two diodes end-pumping the laser rod, the minimum build-up time was 1 . 3 6~. With the two further pump diodes this decreased to -1 . 2~. Temporally dispersed pulses were then injected which were originally of 80fs duration, obtained from a modelocked Ti:sapphire laser (SpectraPhysics Tsunami model), and were stretched to 3M)ps in a standard diffraction grating pulse stretcher (Clark-MXR model PSI). The average power of these pulses at 80MHz was 10mW. These pulses were regeneratively amplified up to a maximum energy of 1.6p.I, at repetition rates up to IbkHz. Fig. 2 shows the amplified pulse energy as a function of diode pump power. The lower curve (solid squares) is for only end-pumping with two diodes and the higher curve (solid circles) is for pumping with all four diodes. This Figure again shows that most of the useful gain is provided by the end-pumped diodes which were adjusted from zero output power while the other two diodes were maintained at maximum
2 0 5000 10000 15000
amplitier repetition rate, Hz FFg. 3 Variation of amplified pulse energy at 840nm us function of amplifier repetition rate for 750m W diode pump power power. Fig. 3 shows how the amplified pulse energy at 840nm varied as a function of amplifier repetition rate for a constant pump power of 750mW total from all four diodes. As expected from the upper state lifetime of Cr:LiSAF (67p.s). the amplified pulse energy decreased for repetition rates above -1OkHz. The initial increase of amplified pulse energy with amplifier repetition rate is attributed to the frequency response of the charging circuits of the Pockels cell. Fig. 4 shows the variation of output energy as a function of wavelength, obtained by tuning the wavelength of the injected pulses. The maximum energy was obtained around 850nm and this was probably due to the various coatings on the intracavity elements. With optimised coatings, this tuning range should extend from -780 to 920nm. Output pulses of -IN energy and 7nm spectral width from the regenerative amplifier were compressed using a standard diffraction grating compressor (Clark-MXR model PCI) to durations as short as 190fs with an energy loss of 50%. This pulse compression should be greatly improved with further optimisation of the stretcher and compressor, including the compensation of third order dispersion. The highest compressed pulse energy we have obtained to date is 0.9pJ. In conclusion we have demonstrated the first tunable diodepumped regenerative amplifier. Together with the diodepumped Cr:LiSAF laser oscillators already demonstrated, this provides a potentially compact, all-solid-state tunable femtosecond laser source which should be of interest for ultrafast instrumentation and other real-world applications as well as time-resolved spectroscopy. We note that continuum generation should be readily achievable with the pulses from such a laser system.
